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Figure 47. Alteration model of a typical hot spring system. 

have features that are more characteristic of 
epigenetic metamorphic deposits. Their field 
distribution and microscopic features clearly 
categorize them as epigenetic. Their distribution 
shows little apparent relation to plutons, but 
correlates instead with youngerfaultzones. Many of 
the gold anomalies transect the regional metamor
phic fabric. These and other relationships, de
scribed in earlier sections of this Bulletin, and in 
Information Circular 83, indicate that the higher
grade concentrations of gold are much younger 
than Late Precambrian-Early Paleozoic volcanism, 
younger than Taconic metamorphism, and are 
either coincident with or postdate the youngest 
major tectonism. The principal gold deposits in the 
East-Central Georgia District are metamorphic 
epigenetic deposits, and the fluids that most 
effectively concentrated the gold were active during 
Alleghenian tectonism. 

mSTIRIIBIUili"IOIN OIF BAICIKGIROUIINIII) GOlD 

The measured background gold values are 
similar to those reported for other areas of similar 
rocks (see Information Circular 83). They are twice 
the mean values reported for the common rock
forming minerals, as quartz, feldspar, mica, epidote, 
hornblende. This implies that the background gold 
resides in intergranular spaces, micro-fractures, or 
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in accessory minerals which contain more gold than 
common rock-forming minerals. 

Gold values slightly higher than the general 
background of 4-8 ppb have been widely reported in 
intermediate to mafic volcanic rocks in other areas. 
The outcrop pattern of similar rocks in east-central 
Georgia correlates with the distribution of these 
because the sampling interval is large compared to 
the scale of lithologic change. Some of the low
level, lithology-related anomalies probably de
veloped during early Paleozoic volcanism and 
survived metamorphism. Others must be much 
younger. For example, the well defined anomaly 
gradient crossing the Danburg granite in northern 
Wilkes and Lincoln Counties must postdate 
crystallization of the Dan burg granite, 295 m.y. ago. 

The gold anomalies that include values of 20 
ppb and higher define three anomaly trends which 
are near and roughly parallel to major fault zones. 
Most of the better known gold occurrences are 
scattered along the southernmost of these trends. 

During sampling for the gold assays, mineral
ized sites indicated by old mines and prospects, 
veins, or strong hydrothermal alteration were 
shunned. Accordingly, the values of Plate A of 
Information Circular 83 are a measure of back
ground and low-level anomalies, only. They are not 
a measure of higher grade mineralization. Inter
preted in relation to the geologic map (Plate A of this 



Bulletin), they provide basic information about gold 
background, the mobility of gold since early 
volcanism, the age of mineralization relative to 
regional metamorphism and tectonism, and major 
controls on gold localization. They show that gold 
values in the country rocks generally increase in the 
vicinity of the larger known deposits, and they 
reveal promising new areas for exploration. 

OCCURRENCE OF COARSER GOlD 

Numerous quartz veins and silicified zones 
transect the Taconic metamorphic fabric, and a 
third of them are auriferous. The high grade 
concentrations of gold are associated with the main 
fault zones and are in rocks showing silicification or 
other hydrothermal alteration. The coarsest gold is 
in and along quartz veins and silicified zones, where 
it typically occupies small shears, micro-fractures, 
microvugs, and sprung mineral cleavages. 

OR~GiN OF QUARTZ \1'\E~NS ANID 
SiliCEOUS ZONES 

The earliest quartz veins that cross-cut the 
metamorphic fabric might have developed as early 
as the waning stage of Taconic metamorphism. 
Some concordant veins might be even older. The 
youngest veins probably are Alleghenian. 

At the height of Taconic metamorphism, the 
maximum temperature of the rocks that now crop 
out was near 500° C in the northern part of the area 
and 380-400°C in the southern part, as described in 
the previous section dealing with the geology of the 
District. The hydrothermal fluids that formed the 
veins must have risen from a deeper source, and 
might have been hotter or cooler than the host 
rocks. The possibility that these fluids were 
'sweated out' of contiguous rocks and that the veins 
formed by lateral secretion is discounted by the 
observed rise in gold background near auriferous 
veins and the lack of any associated zones of gold
depletion. The fluids probably ascended from a 
deeper, hotter source, driven by a temperature/ 
pressure gradient. 

The metamorphic rocks produced by Taconic 
metamorphism had cooled down at least as low as 
250-300° C by Alleghenian time, and show only a 
low temperature Alleghenian metamorphic over
print. In the southeastern Piedmont of South 
Carolina, Alleghenian metamorphism was intense 
enough for an amphibolite-grade overprint over the 
older Taconic fabric (Secor, et al., 1978; Fullagar 
and Butler, 1979), but it was much less intense in 
east-central Georgia, where its principal effects are 
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wide spread kaolinization and zeolitization. The 
upper temperature of kaolinization in quartz
saturated rocks is about 270° C (curve 9 in Figure 4). 
So, the host rocks could hardly have been hotter 
than 300° C when Alleghenian tectonism produced 
micro-openings in the quartz veins. 

According to Simmons and Caruso (1982), 
most micro-openings in crystalline rocks are 
mechanically closed by a pressure of one-half 
kilo bar, which corresponds to a burial depth of I .5-2 
km. Accordingly, the depth of the veins containing 
micro-vugs probably was less than 6,000 feet. 

The vein quartz commonly shows evidence of a 
complex origin. Individual anhedral grains vary 
widely in size and transparancy, and commonly 
show crushing, fracturing, and recrystallization. 
Various combinations and repetitions of fracturing 
or shearing, quartz deposition, and recrystallization 
are revealed by SEM examination. 

The source of the silica is more readily 
attributable to metamorphism than to magmatism. 
When a rock mass that includes weathering 
products is subjected to regional metamorphism, it 
becomes a vast source of mobile silica, part of which 
can be depositE?d eventually in silicified zones and 
quartz veins. Beginning near the middle of green
schist metamorphism, the mass also becomes a vast 
generator of metamorphic water. This water can 
dissolve elements from the metamorphosing mass 
and transport them, along with silica, wherever the 
aqueous phase can move. It can propylitize or 
otherwise alter large rock masses, form veins, and 
sometimes mineralize the main pathways along 
which it moves. 

METAMORPHIC GENERATION 
OF HYIDlROTHIERMAL FLUIDS 

During weathering, the hydro.lysis reactions 
that produce clay minerals decompose water, in an 
amount equal to about 10% of the weathered mass, 
by weight. The resulting H+ ions are incorporated in 
the clay, while the hydroxyls combine with C02, as 
charge-balancing bicarbonate ions. During early 
greenschist metamorphism, the principal minera
logical transformations result in further decomposi
tion of water, the source of which is interstitial, 
interlayer, and dehydration water. An example is the 
transformation of montmorillonite to chlorite 
(Schvartsev, 1976): 

Mg2AI2Si8 o20(0H)4.Na2 + 14H20 + 3Mg2+ ---..;:. 
(Montmorillonite) 

Mg5AI2 Si3o10(0H)8+ 5H4Si04+ 4H+ + 2Na+ 
(chlorite) (aqueous silica) 

Delta Pr = -235 kcal/m. 



In this type of reaction, hydroxyls from the 
decomposing water are incorporated in the new 
mineral, while H+ ions accumulate in the pore fluid, 
replacing cations that move from the pore fluid to 
the new mineral lattice. Reaction of some of the 
hydrogen ions with bicarbonate ions may release 
C02. 

At a higher grade of greenschist metamor
phism, new mineralogical reactions release various 
cations plus hydroxyls. An example is the transfor
mation of chlorite into biotite: 

Mg5AI2Si3o1 o(OH) 8 +K+ ----> 
(chlorite) 

KMg3 AISi3o1 o(OH)2+ 2Mg2+ + Al3+ + 60H
(biotite) 

The released cations participate in further 
reactions that form aluminosilicates like epidote, 
actinolite, and garnet. During these reactions, 
hydrogen and hydroxyl ions recombine and thus 
generate large quantities of metamorphic water, 
most of which eventually escapes to higher levels as 
hydrothermal fluids. An abrupt increase in the redox 
potential of the system at this stage (Schvartsev, 
1976) may be important in the early mobilization of 
gold. 

An orderly sequence of reactions accompanies 
the gradual rise in temperature during regional 

( metamorphism. Early recrystallization consumes 
water in hydrolysis and hydration reactions. Later 
reactions release large quantities of hydrogen and 
hydroxyl ions that combine to generate metamor
phic water. The initial rock composition, the degree 
of hydrothermal interchange between masses of 
different composition, and the grade of metamor
phism largely determine the composition, pH, and 
Eh of the pore fluids at a given stage. The overall 
trend of the metamorphosing mass is toward 
dehydration and dehydroxylation; the net move
ment of water is counter to the metamorphic 
gradient. The amount of water eventually released 
depends to a large degree upon the extent to which 
materials in the initial rock pile were weathered. 
Because the water driven from lower levels moves 
upward and may react with lower-grade rocks 
above, it is little wonder that the presence of 
hydrothermal fluids is evident in virtually all lower 
grade metamorphic rocks, or that epigenetic gold 
deposits are largely restricted to rocks of low to 
intermediate grade. 

NIATIIJRIE OIF HVDROTHIERMAl FLUiDS 

Studies of wall rock alteration assemblages, 
fluid inclusions, coexisting sulfides and sulfide
oxide mineral associations, and hot springs suggest 
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that most natural hydrothermal ore solutions vary 
no more than 2 units to either side of neutral pH 
(Seward, 1973). The pH range probably is greater 
within a metamorphosing pile, if the pile includes a 
variety of rocks, because pH can be buffered at 
higher values by hydrolysis reactions where there is 
limited interchange of pore fluids. The abrasion pH 
of common rock-forming minerals ranges from 5-11 
(Keller, 1957), so pH should vary at least as widely. 
Because the hydrothermal fluids that precipitate 
workable concentrations of ore minerals have to 
interchange with large rock masses, they should 
have a generally lower pH range. 

The range in activity of H+ is much greater than 
the narrow pH range might imply. With increasing 
temperature there are significant changes in the 
ionization constants of water and various solutes, 
and ion-pairing becomes very important (Chou and 
Frantz, 1977). The ionization constant of water 
increases more than a thousand-fold with a change 
of 250° C: from 0.11 x1 o-14 at oo c to about 7x1 o-12 
at 250° C. Neutral pH decreases from 7 at 25° C to 
5.56 at 250°C, and then increases with rising 
temperatures (Helgeson, 1969). The increasing 
dissociation of water with rising temperature 
facilitates the hydrolysis reactions that characterize 
greenschist and lower amphibolite grade metamor
phism. The ionization constants of common strong 
electrolytes like HCI, NaCI, KCI, and H2 S decrease 
rapidly with increasing temperature. Above 350° C 
they occur largely as undissociated molecules 
(Henley, 1973). Below 350° C, where an acid such as 
HCI would be almost totally ionized, pH might be· 
low and the fluid highly reactive, but the same fluid 
at higher temperature and lower pressure could 
have a nearly neutral pH and be relatively unreac
tive. Within the temperature-pressure range of 
hydrothermal fluids, the lower temperature interac
tions of dissociated acids and bases give way to 
higher temperature reactions involving ion pairs 
and undissociated molecules. 

The Eh of hydrothermal fluids can range from 
very high to low. Higher Eh fluids can be generated 
in a pile of deeply weathered rocks, with a high 
proportion of oxidized elements and a low content 
of reductants, than in a pile of graywackes and 
anoxic muds. Eh generally varies with pH and with 
the concentration of what is reacting. The variation 
is particularly great when the reaction involves 
hydrogen or hydroxyl ions, as reactions involving 
Fe, V, and Mn, whose oxidation potentials vary 
markedly with pH. The leaching, transport, and 
deposition of gold are strongly affected by the Eh of 
the metamorphic fluids. 

Hydrothermal fluids, typically, are brines 
whose total chloride exceeds 2 molar, are often near 



silica saturation, and generally are undersaturated 
with respect to gold, according to tlie composition 
of fluid inclusions in vein quartz and the composi
tion of geothermal waters. 

SEM observations indicate that the auriferous 
veins in East-Central Georgia developed from 
hydrothermal fluids that were slightly acid, had 
moderately high Eh, high chlorides, and varied from 
oversaturation to undersaturation with respect to 
quartz. 

GEOCHEMICAl BEHAVIOR Of GOlD 

In all chemical reactions, atoms, molecules, or 
ions tend to assume a configuration that increases 
the stability of outershell electrons. Improvement 
can result from (1) redox reactions, in which the 
oxidation states of participating atoms change, or 
from (2) coordinative reactions, which entail a 
change in either coordinative partner or coordina
tion number. Any combination of cations with 
molecules or anions containing free pairs of 
electrons (bases) is a complex formation (Stumm 
and Morgan, 1970). The tendency for complex 
formation increases with the capability of the cation 
to take up electrons (its ionization potential) and 
with decreasing electronegativity, (i.e., increasing 
tendency of the -ligand to donate electrons). 

Gold's high ionization potential and high 
electron affinity place it in the group of strongly 
oxidizing elements. Ions of metals in this group 
(Group I of Figure 48) coordinate preferentially with 
anions containing Cl, Br, N, I, S, C, Se, P, or Teas 
donor atoms. These metals bind ammonia stronger 
than water, CN-1 in preference to oH-, and form 
more stable 1- or Cl- complexes than F- complexes 
(Morgan and Stumm, 1970). As indicated by 
electrode potentials in Table 1 and by relative 
position in Figure 48, the preference of gold for 
ligands increases in the order shown by the right
hand column of Table 2. This table demonstrates 
that electronegativity and ionization potential are 
poor indicators of the behavior of gold, the reason 
being that they hardly reflect gold's strong 
preference for I, Br, S, P, N, or Cl as donor atoms. 
The plot of ionization potential versus electron 
affinity (Figure 4) by Marakushev (1977) is better. 
Electrode potentials for reactions involving gold 
and its ligands are even better. They provide a 
quantitative outline of the behavior of gold under 
near-surface conditions, and a projection of 
behavior at higher temperatures and pressures. 

Electrode potentials for the reduction reactions 
of Te, As, and Se, along with the electrode potentials 
in Table 1, probably could explain why no gold 
selenides, arsenides, or sulfides are found in nature, 
even though several silver selenides are known, and 
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why the more common gold tellurides actually are 
Ag-Au tellurides. Qualitative answers are apparent 
from the approximate electron affinities in group I of 
Figure 48. Anion-forming elements to the right of 
gold have a stronger affinity for electrons and can 
form gold complexes, while anion-forming ele
ments to the left of gold, like sulfur, selenium, and 
arsenic, have a lesser electron affinity and cannot 
oxidize gold. On the other hand, selenium, and 
tellurium have a higher affinity for electrons than 
silver and can form silver selenides and tellurides, 
both of which are able to accommodate a limited 
amount of gold in solid solution. 

The standard electrode potentials of simple 
gold cations are too high for them to exist in 
aqueous solutions. As shown by Table 1, Au+ ions 
would disproportionate to Auo + Au3+, and both 
Au++ Au3+ ions would be reduced to native gold by 
water. A consequence is that native gold can remain 
in oxygenated surface waters for millions of years 
and show no sign of dissolution. For gold to 
dissolve, a suitable ligand must be present, and also 
a sufficiently strong oxidant. 

The preferred, better-known ligands are listed 
in the right-hand column of Table 2. Others have 
been reported, like Hs-. Suitable ligands should be 
limited to anionic complexes of one or more of the 
elements with a higher electroaffinity than gold. The 
relative abundance of these elements is in Table 3. 
Fluorine was omitted because the fluoro-gold 
complex is so much less stable than the other gold 
halides. Chlorine is about 200 times more abundant 
than Brand a thousand times more abundant than 
iodine, so the gold-chloro complex should predomi
nate, despite the fact that bromo and iodo 
complexes are more stable. Gold complexes with 
pseudohalide ions such as cyanide (CN-) and 
thiocyanate (SCN-), and the thiosulfate ion (S2o32-) 
probably are more abundant than gold halide 
complexes because oxygen, nitrogen, sulfur, and 
carbon are more abundant than the halogens, and 
also because the pseudohalide gold complexes are 
stable over a wider pH and Eh range than halide gold 
complexes. Cyanide, produced by hydrolysis of 
plant glycocides, is. abundant in soils and near
surface waters. Bacterial reduction of sulfates 
commonly yields abundant H2S, so2-, and Hs- in 
soils and sediments. The general presence and local 
abundance of pseudohalide ions in near-surface 
environments, and the relative stability of the 
complexes they form with gold, probably account 
for the common enrichment of gold in humic 
materials (part of it so tightly bound that ashing may 
be required to liberate it), and account for the 
mechanism by which much ofthe gold now found in 
sediments was initially introduced. 
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Figure 48. Electron affinity versus first ionization potential. The dashed line is total electroaffinity (first 
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Table 1. - Standard electrode potentials for selected half-cells . 

Electrode Reaction (Reduction) Standard Electrode 
Potential E0

, volts 

A 

F2 + 2e- -> 2F- ........................................................ . 2.87 
Au++ e- ->AU

0 
••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1.68 

Mn3+ + e- -> Mn2+ .................................................... . 1.509 

Au3+ + 3e- -> Au 0 
•••••••••••••••••••••••••••••••••••••••••••••••••••••• 1.50 

Cl2 + 2e- -> 2CI- ....................................................... . 1.36 
Mn02 + 4H+ + 2e- ->Mn2+ + 2H20 .................................... .. 1.23 

o2 + 4H+ + 4e- ----;::. 21-120 ................................................ . 1.229 
Br2 + 2e- ->2Br- ....................................................... . 1.08 

2Mn02 + 2H+ + 2e- -> Mn203 + H20 .................................. . 1.01 
AuCI4- + 3e- -> Au 0 + 4CI ............................................. . 1.00 

No3- + 4H+ + 3e- --:-> NO(g) + 2H20 .................................... .. 0.96 

Au8r4- + 3e- ->AU 0 + 4 Br ............................................ . 0.87 
Fe3+ + e- -> Fe2+ ..................................................... . 0.771 

Au(CNS)2- + e- -> Au 0 + 2CNS- ....................................... . 0.69 
Au(CNS)4- + 3e- ->AU 0 + 4CNS- ..................................... . 0.66 

Au(S203) 2 3- + e- ->AU 0 + 2s2o32- ................................. .. 0.60* 

12 2e- ->21- ............................................................. . 0.535 
cu+ + e- -> Cu 0 

•••••••••••••••••••••••••••••••••••••••••••••••••••••••• 0.52 

Au I+ e- -> Au 0 + 1- .................................................... . 0.50 
s + 2e- -/ s2- ........................................................... . 0.48 

cu2+ + 2e- -> CU 0 
•••••••••••••••••••••••••••••••••••••••••••••••••••••••• 0.337 

Au (CN)2 + e- -> Au 0 + 2CN- ......................................... . 0.20 
cu2+ + e -> cu+ ..................................................... . 0.16 

S + 2H+ + 2e- ->H2S ................................................... . 0.14 

2H+ + 2e- ->H2 Reference electrode 0.00 

Mn02 + 2H20 + 2e- ->Mn(OH)2 + 20W ................................ . -0.05 
v3+ + e- ->v2+ ........................................................ . -0.26 

Fe(OH)3 + e- ->Fe(OH)2 + OH ........................................ . -0.56 

*Approx. value from Lakin et al. (1974); it should be lower .. Most other potentials from 
Whitten and Gailey (1981). · 

NOTE: Strength as an oxidizing agent increases upward; strength as a reducing agent 

increases downward. 

Any right-side species can reduce any left-side species above it. 
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Table 2. - Comparison of reported values relating to the ionization of selected elements. In the 
first four columns, eV /atom decreases downward. In the fifth column, E0 for reduction 
of gold attached to the ligand decreases downward, so the ease with which gold is 
oxidized and the stability o"f the gold complex increase downward. 

1Eiectro- 21st Ionization 
negativity Potential 

F F 
0 N 
Cl 0 
N Cl 
Br Br 
I c 
c 
s p 

Se s 
Te Hg 
As As 
p Se 
B Au 

Sb Te 
Ge Sb 
Au B 
Pt 

1(Whitten and Gailey, 1981) 
2(Whitten and Gailey, 1981) 
3(Whitten and Gailey, 1981) 
4(Marakushev, 1977). 

3Eiectron 4Eiectron Gold's Ligand 
Affinity Affinity Preference 

Cl Cl c1-

Br F Br-

F Br (CNS)2-

I (CNS)4-

Au Au (8203)2-
s Pt 1-

Se s (CN)2-

Te Te 
Ag 
Cu 

Table 3. - Relative abundance of elements having an electroaffinity higher 
than that of gold. 

Element 

Cl 
Br 
0 

N 
I 
s 
c 
Se 
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Relative Abundance 
in Earth's Crust. 22.!!!* 

314 
1.6 

220,000 
160,000 

0.3 
520 

80,000 

0.25 

*(Mason, 1952) 



Oxidizing agents strong enough, under near
surface conditions, for the formation of gold 
chloride complexes are Mn02 and 02. For the 
formation of gold thiocyanates, Fe3+ is also 
sufficiently strong. For the formation of gold 
cyanide, cu+, cu2+, and so, plus the above named 
oxidants, are sufficiently strong. 

A small concentration of a suitable ligand (plus 
oxidant) can bring about the ready dissolution of 
gold. For example, 250 ppm of cyanide ion (CW), 
added to water, readily dissolves gold (Lakin, et al., 
1974). That the CW ion is not an oxidant for gold is 
apparent from Table 1, but in the presence of 
cyanide the standard electrode potential for the 
oxidation of gold is changed from -1.50 to -0.20 
volts, at which time ferric ions as well as the oxygen 
dissolved in water are strong enough to oxidize the 
gold and enable its dissolution. The gold cyanide 
complex is soluble and stable enough to be 
transported widely unless it encounters a stronger 
reducing agent. 

In acid chloride solutions, gold is dissolved as a 
chlorocomplex, if a sufficiently strong oxidizing 
agent is present. At moderate temperatures only 
Mn02 and 02 are strong enough, but not Fe3+, as 
shown by the reactions below: 

(1) 2Au0+ 12H+ + 3Mn02 +SCI-= 
2AuCI4- + 3Mn2+ + 6H20, E0=0.28v. 

(2) 2Au0+ 6HCI + 3/202 + 2CI-= 
2AuCI4-+ 3H20, Eo=0.229 

(3) A.uo + 3Fe3+ + 4CI-= 
AuCI4- + 3Fe2+, Eo= -0.229 

The positive electromotive force of equations (1) 
and (2) indicates that native gold will spontaneously 
dissolve, while the negative EO of equation (3) 
indicates that it will not, that Fe3+ is not a 
sufficiently strong oxidant. At high temperatures 
and pressures, the hydrogen ion is a sufficiently 
strong oxidizing agent (Krauskopf, 1967). Gold's 
solubility increases from about 10 ppm at 300°C, to 
500 and 1000 ppm at 500° C, at 1 kb and 2 kb 
respectively (Henley, 1973). Below 300° C its 
solubility drops rapidly. From equation (3) it is 
apparent that AuCI4- will be reduced to native gold 
upon encountering a ferrous iron-bearing mineral 
like pyrite, hornblende, ankerite, or siderite. 
Evidence for the precipitation of gold by this 
mechanism in East-Central Georgia was presented 
in the previous section. 

In neutral to alkaline sulfide solutions, gold is 
soluble as thiocomplexes. Three species which 
might serve as ligands are Hs-, H2S, and s2-
(Seward, 1973). Hs- is most likely, because 
uncharged H2S has weak complexing properties, 
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and the concentration of s2- is low near neutral pH, 
where the solubility of gold as a thiocomplex is 
maximal. Seward (1973) reported a maximum 
solubility of 225 ppm near neutral pH at 309° C and 1 
kb, in the presence of a pyrite-pyrrhotite redox 
buffer. 

The solubility of gold as thiocomplexes 
increases with temperature and pressure up to 
250° C; it increases with temperature but decreases 
with pressure between 200° C and 300° C. Up to 
300° C, the solubility of gold as thiocomplexes also 
increases with increasing activity of reduced 
sulphur and with decreasing oxygen fugacity. It 
varies with pH, being maximal in the neutral pH 
range (Seward, 1973). 

The geochemical behavior of gold is bound to 
the chemistry of halides and pseudohalides. Gold, 
which has the highest electron affinity of any metal, 
can be solubilized only upon oxidation, and it can be 
oxidized only by elements having a higher electro
affinity (Figure 48), the elements that form halide 
and pseudohalide gold complexes. 

The two strongest oxidants, fluorine and 
chlorine, are able to oxidize gold (see Table 1 ), but 
they do not because in an aqueous environment 
they are first reduced by water. Bromine and iodine 
cannot oxidize gold. In the presence of an oxidant 
stronger than AuCI4-, namely 02 or Mn02, chlorine, 
bromine, or iodine can form soluble gold com
plexes. Chlorine is much more abundant than 
bromine or iodine, so AuCI4- is the species usually 
encountered in acid, halide-rich solutions. The 
AuCI4- complex is fairly stable so long as the fluid 
remains acid, halide concentration remains high, 
and Eh remains above about 0.8. 

Gold can be precipitated from acid, chloride
rich, hydrothermal fluids when they encounter acid
neutralizing rocks such as carbonate, organic 
matter, ferrous iron minerals, or any sf-ecies that is a 
stronger reducing agent than Fe +. It can be 
precipitated also by a drop in pressure or tempera
ture, if the fluids are saturated with gold. Ore 
textures indicate that hydrothermal fluids generally 
are not saturated with gold, in which case its 
precipitation is a result of acid-neutralization and/or 
a redox reaction. 

Gold can be precipitated from thiocomplexes 
by a decrease in temperature, a decrease in 
pressure below about 250° C, an increase in 
pressure above 250° C, by either an increase or 
decrease in pH from the neutral pH at a given 
temperature, an increase in oxygen fugacity, and a 
decrease in total sulphur concentration (Seward, 
1973). Gold would not be precipitated from thiocom
plexes upon their encounter with ferrous iron 
minerals, but could be precipitated by reduction 



reactions involving copper, sulphur, and vanadium. 
Thiocomplexes of gold are less sensitive to pH 

than chlorocomplexes, and are stable at lower Eh. 
Below 300° C, the solubility of gold as thiocom
plexes is considerably higher than as chlorocom
plexes. At higher temperatures, particularly around 
400° C, ionic thiocomplexes appear to become less 
effective in solubilizing gold than molecular 
chloride complexes. 

Colloidal Gold 

Colloidal gold carries a negative charge in the 
pH range from 4 to 8 (Scarborough, 1983), but its 
charge can be reversed by the addition of ferric 
chloride and other salts. Colloidal gold is stable to at 
least 100° C, and can be stable at a temperature as 
high as 350° C in the presence of a suitable peptizer 
(Fronde!, 1938). 

Though a stable sol of ground state gold is 
readily formed in the laboratory, it does not appear 
to form in nature, or only rarely, because colloidal
size native gold has hardly been reported in natural 
occurrences (Scarborough, 1983). As discussed in 
a previous section, the frequency of native gold 
particles increases with decreasing particle size 
down to colloid-size and then drops rapidly (Figure 
46). Smaller masses of gold become relatively 
common again only within the size range below 100 
Angstroms, but whether these extremely fine 
masses are mainly Auo (native gold) or gold 
complexes is yet to be determined. In the labora
tory, a variety of extremely fine gold cluster 
compounds can be synthesized consisting of 2-11 
gold atoms reacted with a variety of high-electro
affinity elements. The larger clusters have a struc
ture that resembles a core of native gold surrounded 
by groups of other elements. Similar very fine 
cluster compounds involving C, N, S, and 0 might 
be widespread in nature. This possibility is 
suggested by the ready formation of cyanide (CN-), 
thiocyanate (SeN-), and hydrosulfide (HS-) 
complexes and by the commonly observed enrich
ment of gold in organic matter. The state of the 
extremely fine gold now can be determined by 
scanning Auger electron microscopy (Hochella, et 
al., 1985). An appraisal of the size, shape, and 
chemical character of extremely fine auriferous 
masses is severely hampered by their dispersion 
and very low concentration (ppm to ppb) in natural 
materials. 

Anionic gold complexes can be adsorbed by 
positively charged surfaces, like those of goethite 
and hematite. Ferric sulfates, limonite, and wad are 
sometimes strikingly enriched in gold, up to several 
thousand ppm. 
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If gold is transported on a significant scale as a 
simple colloid, the suspending fluid must have 
either a high pH or a very low ionic strength 
(Scarborough, 1983). The moderate pH and high 
ionic strength of ocean water would not be 
favorable, nor would the high ionic strength and 
moderate pH of most hydrothermal fluids. 

Despite considerable speculation and several 
publications about the possible colloidal transport 
of gold, no conclusive evidence appears ever to 
have been presented. This is surprising in view of 
the ease and the variety of ways by which colloidal 
gold can be produced in the laboratory, as well as 
the commonness of gold with colloidal dimensions 
in rocks. Reasons why the colloidal transport of 
gold has not been unequivocally documented might 
be its very low concentration and extremely small 
size in natural waters. That gold may travel with 
other sols, as humic colloids, silica sols, and 
secondary iron and manganese sols, has been well 
demonstrated. 

At present, the most plausible mechanism for 
the mobility of gold is its dissolution as some kind of 
gold complex. Deposition of gold results from 
destruction or fixa!ion of the complex by a redox 
reaction, possibly adsorption, or by change in the 
parameters that decrease the solubility of the 
complex, as temperature, pressure, pH, and oxygen 
fugacity. 

The Quarlz-Gold Association 

Many natural sols are negatively charged, as 
silica, clays, and humic substances. From their 
charge they might be expected to repel colloidal 
gold and anionic gold complexes. Instead, these 
substances more often are associated with gold. A 
negative sol like silica can adsorb a variety of 
cations and change from negative to positive, after 
which it can adsorb colloidal gold, but electrostatic 
attraction does not appear to be involved in the very 
common association of quartz with gold. 

The main reason quartz and gold so often are 
associated appears to be that the processes which 
can mobilize and transport gold also can mobilize 
and transport silica, which is abundant and highly 
mobile. If gold can be mobilized, the chances are 
very good that silica will be mobilized as well. 
Another reason is that quartz, which is common in 
fault or fracture zones, often deforms brittlely and 
provides micro-channelways for the hydrothermal 
fluids that deposit gold. 

GIEOCHIEM~CAliBIEIHAViOIR OF SiliCA 

Within the range of physical conditions con
sidered here for auriferous fluids in East-Central 



Georgia, the solubility of silica is not significantly 
affected by pH, Eh, or ionic strength, but it is 
strikingly affected by pressure and temperature. It 
increases with increasing pressure over the entire 
P-T range of interest. It increases also with 
increasing temperature over most of this range; but 
at pressures less than 10,000 p.s.i. and temperatures 
greater than 325°C, there is a large P-T field within 
which the solubility of silica increases with 
decreasing temperature (stippled area of Figure 49). 
Gradual cooling of a hydrothermal fluid in a vein 
from any temperature to the right of the upper 
boundary of the stippled area would allow over
growths on quartz until the temperature had 
dropped to some point on the lower boundary of the 
·stippled area, after which the fluid could become 
undersaturated with respect to silica and begin to 
etch quartz; after the temperature of the fluid had 
dropped to the lower boundary of the stippled area, 

PRESSURE 

silica could again be precipitated. For a specific 
example, consider a depth of 1.3 km. Vein fluid at 
this depth, hotter than 464°C, if saturated with 
respect to silica, could, on cooling, cause over
growths on quartz until the temperature had 
dropped below464°C, when the fluid could become 
undersaturated with respect to silica and begin to 
etch quartz. Upon further cooling, quartz would be 
etched until the temperature had dropped below 
333°C, after which silica might again be pre
cipitated. 

The hydrothermal fluids that precipitated gold 
in micro-openings of quartz veins in East-Central 
Georgia were at a pressure less than 10,000 p.s.i., 
according to Simmons and Caruso (1982), and at 
temperatures initially above 260° C, as discussed 
above. Common etching of the vein quartz probably 
means that the initial temperature was, in fact, 
above 325° C, in which case it would have been 
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Figure 49. Temperature-pressure field within which the solubility of silica decreases with increasing 
temperature. The approximate temperature interval within which the solubility of quartz 
increases with decreasing temperature is indicated by the horizontal bar. Data from 
Hertman (1964) and Kennedy (1970). 
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hotter than the enclosing rocks. Simple cooling of 
the fluid would have caused etching of quartz until 
some temperature along the lower boundary of the 
stippled area in Figure 49 had been reached. 

SYNOPSIS OF ORIGIN 

At the Landers Prospect and the Parks Mine in 
McDuffie County and at the Latimer Mine in Wilkes 
County, which are taken as representative of the 
East-Central Georgia District, the gold occurs in 
and along quartz veins, where it typically occupies 
small shears, micro-fractures, micro-vugs, and 
sprung mineral cleavages. 

The gold was deposited from acid, chloride
rich, high-Eh, hydrothermal fluids at a depth less 
than one mile (1.6 km). Initially, the fluids were 
above 350° C, hotter than the enclosing country 
rocks. The gold was deposited above 260° C. 

Gold can be deposited from this type of 
hydrothermal fluid by a drop in temperature or 
pressure, an increase in pH, or a decrease in Eh. 
Thus, gold might have been deposited when the 
fluids cooled (particularly upon boiling), encoun
tered acid-neutralizing rocks such as carbonate, or 
encountered reducing agents such as organic 
matter, ferrous iron minerals, or any species that is a 
stronger reducing agent than Fe2+. 

An important, if not the most important, gold 
deposition mechanism at the three studied sites was 
reduction by ferrous iron minerals, commonly 
hornblende. 

The micro-openings in which gold was de
posited and the faulting with which many of the 
veins are associated relate to the youngest 
tectonism to affect the area, probably Alleghenian. 

Carqonate rocks are uncommon in the area; 
iron formations are more common. Neither rock 
type has been reported at the three studied sites, but 
iron formations, at least, occur in the area, and both 
kinds of rock would have strongly precipitated gold 
where the hydrothermal fluids came into contact 
with them. 
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